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SUMMARY 
Hardening of the a spha l t cement b inder i s one of the primary 
causes of bituminous roadway pavement f a i l u r e . The changes t h a t occur 
in a spha l t during se rv ice a re not well understood but a re due to a 
combination of physical, chemical , c o l l o i d a l , and Theological p roper ­
t i e s . 
The hardening process has been s tudied severa l t imes using 
e i t h e r ac tua l pavement cores or methods of a r t i f i c i a l ag ing . Empirical 
t e s t s , such as p e n e t r a t i o n and d u c t i l i t y , have been developed to measure 
t h e changes dur ing hardening. However, t o provide a more fundamental 
approach to the study of a s p h a l t , the s l i d i n g p l a t e microviscometer 
was developed, providing an abso lu te measure of the v i s c o s i t y of a s p h a l t . 
A more r ecen t approach makes use of an in f ra red spect rophotometer . 
The purpose of t h i s s tudy was to determine how the hardening of 
a s p h a l t in ac tua l pavement cores va r ied wi th depth below the pavement 
s u r f a c e . Each co re , 1 - 1 3 years o ld , was s l i c ed in one- four th inch layers 
p a r a l l e l t o the pavement su r f ace , and the a spha l t from each l aye r was 
recovered by the Abson Technique. The v i s c o s i t y was determined and 
r e l a t e d to dep th , age of pavement, and o r i g i n a l v i s c o s i t y . The s p e c t r o ­
photometer was used t o give some i n s i g h t i n t o t h e chemical changes 
occur r ing in t he top one-half inch . 
The r e s u l t s show t h a t t h e r e i s an i nc rease of approximately 50 
percen t in the v i s c o s i t y of a spha l t recovered from the top one- four th 
inch over a s p h a l t recovered from the next lower s l i c e . There i s a very 
v i i i 
t h i n film a t t he pavement surface which has a higher v i s c o s i t y than the 
average v i s c o s i t y in the top one- four th inch l a y e r . 
I nc rea se s in v i s c o s i t y with age are more apparent in the top 
one-ha l f inch than a t lower dep ths ; t h e r e i s only a small change in 
v i s c o s i t y a t lower dep th s , except for an i n i t i a l i nc rease occur r ing 
before or during p l a c i n g . 
In the upper one-half i n c h s a s p h a l t s with lower v i s c o s i t i e s 
were found to inc rease in v i s c o s i t y more r a p i d l y than a s p h a l t s wi th 
high o r i g i n a l v i s c o s i t i e s . 
Hardening due to aging was ind i ca t ed by the i n f r a r ed spectrum 
a t wavelengths of 2 . 9 1 , 5 .88 , and 9«71 microns^, but the 5.88 micron 
wavelength g ives the bes t i n d i c a t i o n of changes in hardening with 




One of the primary causes of a roadway pavement surface fa i lure 
i s hardening of the asphalt cement binder 0 Excessive hardening due to 
any cause i s undesirable because i t may reduce adhesiveness and durabi l i ty 
in service,, Idea l l y , a binder should be s u f f i c i e n t l y f luid to permit 
mixing with the aggregate, adhere well to the aggregate in the presence 
of water, and not become b r i t t l e with aging ( 1 ) . 
The changes that occur in asphalt are not well known but are due 
to a number of causes involving the complex composition of asphalt . 
Researchers have found that i t i s both a chemical and a physical prob­
lem. Changes in co l l o ida l and Theological propert ies are a l so thought 
to be relevant ( 2 ) . Some have found that hardening with time i s re lated 
to asphalt source, method and degree of mixing.?, and method of p lac ing. 
Traxler l i s t s f i f t een e f f e c t s which cause changes in asphalt 
c h a r a c t e r i s t i c s ( 3 ) . Most important ares 
1. "Oxidation in the absence of sunlight i s probably the most 
important e f f ec t influencing the hardening and l o s s of binding power of 
asphal t i c cements. I t occurs continuously when the bitumen i s in con­
tac t with air and the rate of oxidation i s dependent upon the tempera­
ture." 
Numbers in parentheses refer to s imi lar ly numbered references in 
Lis t of References at end of t h e s i s . 
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2„ Photooxidation under d irec t sunlight severely a f f ec t s a very 
th in layer of asphalt on the surface and probably i s the cause of much 
of the deter iorat ion of the wearing surface, 
3 . V o l a t i l i z a t i o n often i s of considerable importance during the 
construction of hot mix pavements. However, during the service l i f e of 
the pavement i t may be of minor importance,, The v i s c o s i t y of the asphalt 
and the time and temperature of exposure a f f ec t v o l a t i l i z a t i o n , 
4 . Polymerization, the hardening of an organic material caused 
by appl icat ion of heat, a f f e c t s hardening depending on temperature, 
t ime, and composition of the bitumen. 
5. Age hardening i s a th ixotropic e f f e c t occurring well below 
the softening point . I t i s evidenced by a structure development within 
the asphalt , part of which i s destroyed by heat of working. I t i s 
dependent upon the composition of the asphalt . 
6. Water, e s p e c i a l l y in conjunction with air and sunl ight , 
a f f e c t s asphalt e i ther as a ca ta lys t for many chemical react ions or 
through the formation of many products, both water soluble and inso lub le . 
Other factors includes Photooxidation under re f l ec ted l i g h t , 
photochemical act ion of d irec t sunl ight , photochemical act ion of re f l ec ted 
(polarized) l i g h t , exudation of o i l , absorption of o i l by s o l i d s , adsorp­
t ion of asphal t ic components at a so l id surface, c a t a l y t i c e f f e c t s , and 
microbiological de ter iorat ion . I t should be noted that a l l of the above 
are important, and i t i s impossible to assign a d e f i n i t e order of impor­
tance. Time, temperature, and thickness of film are factors in a l l the 
e f f e c t s l i s t e d . 
In studying the problem of hardening, there are two approaches 
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t h a t may be takers The f i r s t i s a study of a spha l t pavements in ac tua l 
s e r v i c e , which has been used many times., In most cases accura te i n f o r ­
mation can be obta ined on the o r i g i n a l a s p h a l t and the cond i t ions of the 
pavement while in s e r v i c e . Several f a c t o r s , however, have l imi ted the 
use of t h i s method. Long pe r iods of time are necessary to eva lua te the 
s e r v i c e , cos t of such experiments i s h igh, and many uncon t ro l l ab l e f ac ­
t o r s which have l i t t l e e f f ec t on the a s p h a l t s are encountered. Usual ly , 
t hese u n c o n t r o l l a b l e f a c t o r s are i n t e r r e l a t e d , making i t d i f f i c u l t t o 
determine the e f f e c t of any one. 
Even with t he se d i sadvantages t he re have been l a rge sca le e x p e r i ­
ments conducted which yie lded va luab le information ( 3 ) . 
As e a r l y as 1935 r e s e a r c h e r s recognized the d i sadvantages of 
na tu r a l aging and developed methods of a r t i f i c i a l ag ing . Using va r ious 
methods they were able t o s imulate the na tu ra l aging phenomena. These 
methods p a r t i a l l y overcame the d isadvantages of c o s t , t ime , and i n t e r r e l a ­
t i o n s h i p of v a r i a b l e s encountered in n a t u r e . Usual ly the methods attempted 
t o a c c e l e r a t e the weathering process through cyc les of l i g h t , water spray , 
and c h i l l i n g . Data ind ica ted t h a t t he se e f f o r t s were p a r t i a l l y successful . 
Modern methods used in the l a b o r a t o r y to age a spha l t are high 
t empera tu re , u l t r a v i o l e t l i g h t , chemical ox ida t ion a g e n t s , and ox ida t ion 
in so lu t i on under p r e s s u r e . 
To eva lua t e the e f f e c t s of ag ing , va r ious empir ica l t e s t s , such 
as p e n e t r a t i o n , d u c t i l i t y , sof tening p o i n t , and va r ious r e l a t i v e v i s c o s i t y 
t e s t s , have been developed to record changes in a spha l t p r o p e r t i e s . The 
empir ica l na tu re and d i s s i m i l a r i t y of these t e s t s have g r e a t l y l imi t ed 
t h e i r u se , e s p e c i a l l y for comparative purposes . 
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Schweyer ( 4 ) states: 
One of the most striking examples of the lack of scientific 
approach in asphalt technology is the continual use of empirical 
tests such as penetration ductility, and others., The data from 
such tests with few exceptions are difficult to correlate quanti­
tatively with the performance of asphalts in service,, 
However, to provide a more fundamental approach to the study of 
asphalt, the sliding plate microviscometer was developed providing a 
measure of the rheologic behavior of asphalts. It has the advantage of 
permitting determination of absolute viscosity of asphalts in thin films. 
Schweyer and Bransford (5) define viscosity: 
When a plane one square centimeter in area requires a force of 
one dyne to move it at a velocity of one centimeter per second 
with respect to a second plane one centimeter distant, then the 
fluid between the planes has a viscosity of one poise equal one 
dyne-second per square centimeter. 
Mathematically, viscosity is a proportionality constant which 
relates the known values of force per unit area, F, to shear rate, S. 
If 
F = nS 
were absolutely true (n constant) a straight line plot would result when 
S was plotted as a function of F. In this case the material is called 
Newtonian. But due to complex flow properties this is not always true 
and the material is non-Newtonian. Using logarithmic paper the plots 
appear as straight lines and are represented by the equation 
M = F/SC 
where M is a constant for the plot and c is the slope of a logarithmic 
plot and measures the degree of complex flow. This equation may apply to 
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BOTH NEWTONIAN AND NON-NEWTONIAN MATERIALS AS C EQUALS ONE FOR NEWTONIAN 
MATERIALS. 
A MORE RECENT APPROACH TO THE STUDY OF ASPHALT MAKES USE OF AN 
INFRARED SPECTROPHOTOMETER,, HILLIARD AND SRAIL ( 6 ) DEFINE SPECTROPHO­
TOMETRY AS "THE SCIENCE WHICH INCLUDES THE MEASUREMENT OF THE RELATIVE 
INTENSITY OF TRANSMITTED OR REFLECTED RADIANT ENERGY." FURTHERMORE, 
"INFRARED SPECTROPHOTOMETRY DISCLOSES INFORMATION REGARDING THE VIBRATION 
OF CHEMICAL MOLECULES. THIS DEPENDS ON THE MASSES OF ADJACENT ATOMS AND 
THE DISTANCE BETWEEN THEM." INFRARED SPECTROPHOTOMETRY DETECTS THE 
PRESENCE OF GROUPS OF ATOMS, NOT INDIVIDUAL ELEMENTS. THESE ATOMS 
VIBRATE AT FREQUENCIES CHARACTERISTIC OF THE MOLECULAR COMBINATIONS 
PRESENT. A SAMPLE PLACED IN THE INFRARED BEAM WILL ABSORB INFRARED 
ENERGY AT FREQUENCIES CHARACTERISTIC OF THE MOLECULE. BY VARYING THE 
FREQUENCY, A COMPLETE INFRARED SPECTRUM MAY BE OBTAINED. THIS SPECTRUM 
CAN INDICATE THE PRESENCE OF CERTAIN FUNCTIONAL GROUPS, SUCH AS CARBONYL 
OR HYDROXYL, OR THE CHANGE IN SUCH GROUPS DUE TO AGING OR EXPOSURE. 
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CHAPTER I I 
LITERATURE SURVEY 
Asphalt Var ia t ion with Depth 
In the study of a s p h a l t d u r a b i l i t y t h e r e have been many s t u d i e s 
of the causes and e f f e c t s of hardening. However, few s t u d i e s have d e a l t 
wi th the aging of t h i n a spha l t l a y e r s p a r a l l e l t o the surface of the 
pavement. 
Pauls and Halstead (7) found t h a t a f t e r a 19 year per iod t h e r e 
was a cons iderab le v a r i a t i o n in t he hardening of a spha l t wi th in the same 
c o r e . Asphalt near the surface hardened t o a g r e a t e r ex t en t and l o s t a 
l a r g e r percentage of d u c t i l i t y than did the ma te r i a l in the center or 
bottom of the pavement. Both top and center samples showed more hardening 
than did the bottom. Very l i t t l e change was ind ica t ed in the p e n e t r a t i o n 
of a spha l t in the bottom qua r t e r inch of the 19 year old sample as com­
pared t o a sample ex t r ac t ed immediately a f t e r mixing. Only one sample 
was r e p o r t e d , making d e f i n i t e conclus ions imposs ib le . 
Simpson, G r i f f i n , and Miles (8) found t h a t , in g e n e r a l , t he 
a s p h a l t in the top one-four th inch of pavement had a h igher v i s c o s i t y 
than the r e s t of the pavement, inc lud ing both the surface and base . 
They used the microviscometer t o study 32 and 35 month old cores taken 
from the Zaca-Wigmore Experimental Road in C a l i f o r n i a . At depths lower 
than one-half inch , wi th in the surface course , t he r e was l e s s change than 
in the top hal f inch . Higher v i s c o s i t i e s were sometimes encountered in 
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t h e top of the base course i n d i c a t i n g t h a t apprec iab le hardening occurred 
between the laying of base and surface cou r se s 0 Also, they found a general 
agreement between a i r void content of the compacted mix and v i s c o s i t y , 
cores with higher a i r void content had higher v i s c o s i t i e s a t equal dep ths . 
Asphal t Aging 
Numerous s t u d i e s have been made concerning a s p h a l t ag ing . Neppe 
(9) and the Highway Research Board (10) have publ ished b i b l i o g r a p h i e s 
which t o g e t h e r l i s t about 300 p u b l i c a t i o n s . Only a few of the more 
important can be l i s t e d h e r e . 
Hubbard and Reeve (11) made what was probably the f i r s t study of 
aging in 1913 by exposing t h i n f i lms of a spha l t for one year . They 
observed a 75 percen t decrease in p e n e t r a t i o n in t h i s pe r iod . T rax le r 
and Schweyer (12) in 1936 e s t a b l i s h e d the f i r s t conclus ive evidence t h a t 
v i s c o s i t y increased with t ime , temperature held cons t an t . 
Brannon (13) s tudied ac tua l pavements in 1937 and found t h a t 
dec rease in p e n e t r a t i o n var ied from 22 percen t a t 4 months to 47 percen t 
a t 30 months. As much as 24 percent was found to occur before or dur ing 
placement . I d e n t i c a l a s p h a l t s decreased in p e n e t r a t i o n by d i f f e r e n t 
amounts when placed in d i f f e r e n t a r e a s . 
White (14) found t h a t a s p h a l t content i s the g r e a t e s t s i ng l e f ac to r 
de termining the amount of drop in p e n e t r a t i o n of a spha l t with s e r v i c e 0 
Asphalt in cutback a spha l t wearing sur faces hardens in about s ix years t o 
t he po in t of i n c i p i e n t r a v e l i n g . Pauls and Welborn (15) concluded t h a t 
an i nc rease in hardening as ind ica t ed by decrease in p e n e t r a t i o n i s 
accompanied by changes in o ther p r o p e r t i e s , such as an i nc rease in so f t en ­
ing po in t and a decrease in d u c t i l i t y . 
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Brown, Sparks , and Larsen (16) developed an equat ion to r e l a t e 
e a r l y changes in d u c t i l i t y , sof tening p o i n t , or p e n e t r a t i o n to u l t ima te 
pavement performances 
T/AY = a + bT 
where T i s time s ince paving ( y r ) , Y i s sof tening p o i n t , d u c t i l i t y , 
or p e n e t r a t i o n , and a and b a re e m p i r i c a l l y determined constants . . 
When Y i s p l o t t e d as a funct ion of T the hyperbol ic form appears 
with asymptotic va lues reached a t about nine to ten y e a r s . 
Par r and Sera f in (17) found t h a t pene t r a t i on of a spha l t e x t r a c t e d 
from cores decreased up to 17 months and then remained r e l a t i v e l y con­
s t a n t or increased s l i g h t l y a t ages of 29, 40, and 52 months. Pene t r a ­
t i o n was found to be g r e a t e r under the center of the t r a f f i c lane than 
under t he wheel p a t h s , Simpson, G r i f f i n , and Miles (8) s u b s t a n t i a t e d 
t h i s f inding by not ing t h a t most hardening occurred in the f i r s t 16 t o 
20 months and then decreased cons ide rab ly , 
Skidmore and Abson (18) s tudied hardening during manufacture. 
They pointed out t h a t even under good cont ro l during manufacture, a 10 
t o 20 po in t decrease in p e n e t r a t i o n may be expected, Lang and Thomas 
(19) repor ted an average of 9.1 pe rcen t l o s s in p e n e t r a t i o n of 50 - 60 
p e n e t r a t i o n a s p h a l t s immediately a f t e r mixing. 
B i s s e t t (20) recovered a s p h a l t from pavements and t e s t e d them for 
d u c t i l i t y , p e n e t r a t i o n , and sof tening p o i n t . He found a 28 percen t decrease 
in p e n e t r a t i o n during mixing and p l a c i n g . He concluded t h a t e a r l y l o s s of 
p e n e t r a t i o n and d u c t i l i t y , p r i m a r i l y d u c t i l i t y , causes cracking of the 
pavement sur face . 
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Spectrophotometer Use 
The l i t e r a t u r e on the use of the spectrophotometer in a s p h a l t 
r e s e a r c h i s l imi t ed to a few p u b l i c a t i o n s . I t has not been d e f i n i t e l y 
e s t a b l i s h e d which in f ra red wavelengths i n d i c a t e the va r ious p o s s i b l e 
changes in a s p h a l t . In f a c t , Schweyer (21) found t h a t a s p h a l t s appar­
e n t l y could not be cha rac t e r i zed s p e c i f i c a l l y by t h e i r s p e c t r a l ab so rp t i on . 
He compared t h i s to a concept p re sen t ing the idea t h a t only gross absorp­
t i o n bands may be used in complex mixtures such as a spha l t s ince t he re 
a re compensating absorp t ion effects , , 
Beitchman (22 ) , in a study of 28 asphal ts , , noted s i m i l a r absorp t ion 
c h a r a c t e r i s t i c s in the in f ra red spec t ra of a s p h a l t s from widely d i f f e r e n t 
sou rces . There was a r e l a t i o n s h i p between the t r ansmi t t ance of severa l 
absorp t ion bands and d u r a b i l i t y . The bands observed were hydroxyl , 
-CH^-, C-0, C-CH^, carbonyl , - (CH^)^- , and aromatic r i n g s . The carbonyl 
band was the most impor tan t , but the hydroxyl and C-0 bands a l s o showed 
some changes. 
The change in in f ra red absorp t ion a t 5.88 microns with time of 
exposure to carbon a rc r a d i a t i o n was used by Wright and Campbell (23) 
to study o x i d a t i o n . They found an inverse r e l a t i o n s h i p between dura ­
b i l i t y and r a t e of o x i d a t i o n . Only the carbonyl band, 5.88 microns , 
was used; as i t i s a sharp absorp t ion band free from i n t e r f e r e n c e in 
the in f ra red and more accura te than the 0-H, 2.91 micron, C-0, or 9.71 
micron bands. After an induc t ion per iod t h e r e was a s teady r a t e of 
i nc rease in o x i d a t i o n . 
Greenfeld and Wright (24) used the carbonyl band to measure the 
changes in absorbance as a measure of ox ida t ion of roof ing a s p h a l t s . 
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I t was found t h a t d u r a b i l i t y va r ied i n v e r s e l y with carbonyl index for 
unmodified a s p h a l t s . While low va lues of carbonyl index are i n d i c a t i v e 
of good d u r a b i l i t y , high va lues may or may not i n d i c a t e poor d u r a b i l i t y . 
The hydroxyl and C-0 absorp t ion bands both showed a decreas ing of i n f r a ­
red t r ansmi t t ance with longer pe r iods of o x i d a t i o n . However, the changes 
in t r ansmi t t ance a t these bands were too small t o a c c u r a t e l y i n d i c a t e 
d i f f e r e n c e s . 
The ox ida t ion r a t e s of two a i r -b lown a s p h a l t s were s tudied by 
Wright , Campbell, and F r id inge r (25) using the i n f r a r ed absorp t ion in 
the carbonyl band. They found an inc rease in ox ida t ion r a t e with i n t e n ­
s i t y of carbon a rc and time of exposure a t cons tant t empera tu re . S imi la r 
changes in absorp t ion were a l so i n d i c a t e d a t the hydroxyl band and carbon-
oxygen-carbon band. 
The carbonyl index was used by Campbell, Wright, and Bowman (26) 
in t h e i r work on the e f f e c t of temperature and humidity on o x i d a t i o n . 
They noted an inverse r e l a t i o n s h i p between carbonyl index and tempera­
t u r e and r e l a t i v e humidity. 
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CHAPTER I I I 
PROCEDURE 
The a s p h a l t samples used in t h i s p r o j e c t were obtained from 
e x i s t i n g pavements in Georgia through the coopera t ion of the Georgia 
S t a t e Highway Department. In accordance with the o b j e c t i v e s of the 
p r o j e c t , a spha l t samples were obta ined by e x t r a c t i o n and recovery from 
cores taken from e x i s t i n g pavements. These cores a re well r e p r e s e n t a t i v e 
of ages from 4 months to 12 y e a r s . A summary of p r o j e c t s and a spha l t 
da ta appears in Table 1 . All cores were obtained from l o c a t i o n s near 
A t l a n t a , Georgia , with the except ion of numbers one and two, which came 
from southern Georgia . To the a u t h o r ' s knowledge no spec ia l cond i t i ons 
were encountered during p lac ing or s e rv i ce l i f e which would a f f ec t the 
r e s u l t s . 
Recovery 
Two s ix inch diameter cores were obtained from each p r o j e c t . 
These cores were t r anspo r t ed to the l a b o r a t o r y , placed in wate r , and 
covered to prevent fu r the r aging by a i r or l i g h t . B a l l s of s t e e l wool 
were placed in the water to l e s sen the p o s s i b i l i t y of ox ida t ion by 
d i s so lved oxygen in the wa te r . 
In o rde r , each core was removed from water and the surface course 
s l i c e d i n t o one -qua r t e r inch s l i c e s with a diamond blade saw. Care 
was taken not to inc lude the b inder or underlying l a y e r s . The top l aye r 
was placed in the oven while the o ther s l i c e s were re turned to the water 
TABLE 1 . SAMPLE DESCRIPTION 
ORIGINAL 
SAMPLE AGE ASPHALT SPECIFIC ORIGINAL VISCOSITY* 
NUMBER PROJECT LOCATION DATE PLACED (MO) GRADE GRAVITY PENETRATION (MEGAPOISES) 
1 F - 0 0 7 - 2 ( N ) Ct 1 THOMASVILLE-QUITMAN RD 
BROOKS C O . , GA. 
MAR. 1 9 6 5 4 AC--6 1 . 0 2 8 6 7 2 . 6 0 * 
2 P R - 1 4 2 1 - B ( 1 ) EXCELSIOR RD 
TIFT C O . , GA. 
JAN. 1 9 6 5 6 AC--6 1 . 0 2 6 6 6 2 . 6 9 * 
3 RA 1 5 - 8 ( 5 ) DECATUR-TUCKER RD 
DEKALB C O . , GA. 
JULY 1 9 6 4 o AC--6 1 . 0 3 2 6 4 2 . 8 2 * 
4 1 - 2 0 - 1 ( 4 ) CT 1 1 - 2 0 WEST 
FULTON C O . , GA 0 
SEPT. 1 9 6 4 1 0 AC--6 1 . 0 2 9 7 1 2 . 3 6 
5 GA. TECH ELECTRICAL 
ENGR. PARKING LOT 
SEPT. 1 9 6 4 1 0 AC-- 6 1 . 0 3 8 6 9 2 . 4 3 
6 1 - 2 0 - 1 ( 4 ) CT 1 1 - 2 0 WEST 
FULTON C O . , GA. 
SEPT. 1 9 6 4 1 0 AC • - 6 1 . 0 4 6 6 6 2 , 7 2 
7 F - 0 7 4 - 2 ( 4 ) W. FAYETTEVILLE RD AUG. 1 9 6 4 1 1 AĈ  - 6 1 . 0 2 9 7 9 1 . 9 4 
COLLEGE PARK, GA. 
2 . 9 0 * 8 U S - 1 3 9 4 ( 2 ) N. DRUID HILLS RD JULY 1 9 6 3 2 4 AĈ  =6 1 . 0 4 1 6 3 
ATLANTA, GA, 
1 . 4 3 * C SAP 7 1 9 A ( 9 ) COLLEGE AVE. 
ATLANTA? GA. 
JUNE 1 9 6 1 4 7 AC' - 8 1 . 0 4 0 9 5 
1 0 D S ~ 0 6 9 6 ( 2 ) LAWRENCEVILLE-DULUTH 
DEKALB C O . , GA. 
AUG. 1 9 5 9 7 0 AC - 8 1 . 0 2 6 9 4 1 . 4 6 ' 
1 1 F - 0 7 4 - 2 ( 4 ) S . R . 8 5 NORTH of JUNE 1 9 5 6 1 0 9 AC - 8 1 . 0 2 9 9 6 -» - •» ft L .^L 
FAYETTEVILLE, GA. 
1 . 4 8 * 1 2 SAP 7 1 9 A ( 5 ) EAST LAKE DR OCT. -NOV. 1 9 5 4 1 2 6 AC - 8 1 . 0 3 2 9 3 
ATLANTA, GA. 
1 . 4 6 * 1 3 SAP 1 0 8 3 C(L) ATLANTA-BUFORD RD FEB. 1 9 5 4 1 3 5 AC - 8 1 . 0 3 2 9 4 
DEKALB C O . , GA. 
1 . 5 7 * 1 4 SAP 1 2 1 4 B ( 3 ) STONE MT.-TUCKER RD OCT. 1 9 5 2 1 5 1 AC - 8 1 . 0 4 2 9 0 
DEKALB C O . , GA. 
ORIGINAL VISCOSITY OBTAINED FROM EMPIRICAL EQUATION: ABS. V I S E . = 3 5 9 1 . 3 ( P E N ) 
SEE REFERENCE 2 7 
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for l a t e r u se . 
After drying for 20 minutes a t 250 degrees F.'j the sample was broken 
i n t o small p i ece s and re tu rned to the oven for ten minutes . This loosened 
the a spha l t from the aggregate and permi t ted placement in the e x t r a c t i o n 
bowl. An a n a l y t i c a l reagent grade benzene was used to e x t r a c t the a s p h a l t . 
A t o t a l of 240 m i l l i l i t e r s of benzene was used in t h r ee s t eps on the 
approximately 275 gram sample. The a s p h a l t - benzene so lu t i on was then 
cent r i fuged a t 770 t imes g r a v i t y for 30 minutes to remove dus t and o ther 
suspended matter,, 
The Abson Technique, ASTM D-1856-63, was used with s l i g h t modif i ­
c a t i o n to recover the a s p h a l t . This modif ica t ion was the use of a 275 
gram sample s ince i t was not p o s s i b l e to ob ta in a 1200 gram sample from 
t h e one-quar t e r inch s l i c e . This n e c e s s i t a t e d extreme care in the d i s t i l ­
l a t i o n to prevent ox ida t ion or ove rhea t ing . 
A study was made to determine the in f luence of sample s i ze and of 
ope ra to r on v i s c o s i t y . The percen t d i f f e rence between the v i s c o s i t i e s 
determined from a 1200 gram sample and a 275 gram sample was only about 
s i x pe r cen t . The d i f f e rence between o p e r a t o r s was about e igh t p e r c e n t . 
These were considered to be wi th in s a t i s f a c t o r y l i m i t s and not t o 
adverse ly a f f e c t r e s u l t s . 
The appara tus used i s the same as in ASTM D-1856-63 and i s shown 
diagrammat ica l ly in Figure 1. In accordance with s tandard procedure , a l l 
e x t r a c t i o n d i s t i l l a t i o n s were completed in l e s s than e igh t hours . The 
recovered a s p h a l t samples were placed in sealed t i n boxes u n t i l they 
were t e s t e d . 
Figure 1. D i s t i l l a t i o n Equipment. 
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Vi s c o s i t y 
V i scos i t y t e s t i n g was performed with the s l i d i n g p l a t e micro­
viscometer developed by She l l Development Company. I t i s shown in 
Figure 2. The procedure was r e l a t i v e l y s imple, but some time was 
requ i red to reach a degree of s k i l l in making the p l a t e s * 
The a spha l t sample was heated in the oven a t 250 degrees F for 
f ive to ten minutes u n t i l i t was s l i g h t l y f l u i d . A se t of g l a s s p l a t e s 
was a l s o heated for t h r ee to four minutes . Then both sample and p l a t e s 
were removed and a drop of hot a s p h a l t was placed on one of the p l a t e s . 
The o ther p l a t e was immediately placed on top and the two p l a t e s pressed 
t o g e t h e r u n t i l a uniform f i lm, approximately 50 to 60 microns t h i c k , was 
ob ta ined . The excess a spha l t was cleaned from the p l a t e s , p l a t e s and 
sample weighed, and film th i cknes s ca l cu l a t ed from a s p h a l t weight and 
s p e c i f i c g r a v i t y . An hour was requ i red for the p l a t e s to cool before 
v i s c o s i t y was determined. Dupl ica te s e t s of p l a t e s were prepared for 
each sample. 
To begin the v i s c o s i t y de t e rmina t ion , one of the p l a t e s was clamped 
in the viscometer frame and the o ther in a movable clamp through which 
the loads were t r a n s m i t t e d . The des i r ed load, up to 10,000 grams, was 
appl ied through a simple balance beam. At l e a s t t h r e e , and u s u a l l y four , 
loads were requ i red to get severa l shear r a t e s to i n t e r p o l a t e a c c u r a t e l y 
t o 0.05 r e c i p r o c a l seconds. A shear r a t e of 0.05 r e c i p r o c a l seconds a t 
77 degrees F was used in t h i s r e s e a r c h . 
Spectrophotometer 
A spectrophotometer a n a l y s i s was made of the upper two l a y e r s of 
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s i x se l ec t ed c o r e s . The procedure for t h i s t e s t i n g was developed by 
personnel of Georgia Tech Research Pro jec t A-711. 
The spectrophotometer p l a t e s are s imi l a r in appearance to the 
microviscometer p l a t e s but a re made of sodium c h l o r i d e . They are approx i ­
mately four by two c e n t i m e t e r s . An a spha l t film th i cknes s of 75 microns 
wi th an a l lowable var iance of 5 microns was chosen for t h i s s tudy. 
A film former, shown in Figure 3 , was used so t h a t a cons tan t 
t h i c k n e s s could be ob ta ined . The technique used to make these p l a t e s 
r e q u i r e s p rehea t ing the film former, sodium ch lo r ide p l a t e s , and a s p h a l t 
sample to about 2 0 0 degrees F . A drop of a spha l t was placed on one of 
the p l a t e s and the o ther p l a t e se t on t o p . Both p l a t e s were than placed 
in the film former, which then c o r r e c t l y adjusted pressed the p l a t e s 
t o g e t h e r so t h a t a film th i ckness of about 75 microns was formed. Several 
t r i a l s were requ i red to achieve the des i r ed t h i c k n e s s ; o c c a s i o n a l l y the 
film was pressed too t h i n . In t h i s case the p l a t e s had to be cleaned and 
the procedure r e p e a t e d . 
After removing the excess a s p h a l t , the p l a t e s were placed in the 
spectrophotometer and the in f r a red spectrum recorded . A Beckman IR-8 








INSTRUMENTATION AND EQUIPMENT 
E x t r a c t o r 
A D u l i n R o t a r e x model 1 1 1 7 0 e x t r a c t o r m a n u f a c t u r e d by t h e Braun 
C o r p o r a t i o n w a s u s e d i n t h i s e x p e r i m e n t . 
C e n t r i f u g e 
An I n t e r n a t i o n a l model C - 5 0 c e n t r i f u g e c a p a b l e o f h a n d l i n g two 
e i g h t - o u n c e w i d e mouth b o t t l e s a t 770 t i m e s g r a v i t y w a s usedo 
D i s t i l l a t i o n A s s e m b l y 
The d i s t i l l a t i o n a s s e m b l y i s shown i n F i g u r e 1 . I t i s t h e s t a n d a r d 
a p p a r a t u s d e s c r i b e d i n ASTM D - 1 8 5 6 - 6 3 u s i n g t h e o i l bathe 
S l i d i n g P l a t e M i c r o v i s c o m e t e r 
The m i c r o v i s c o m e t e r u s e d was d e v e l o p e d by S h e l l D e v e l o p m e n t Com­
p a n y and i s shown i n F i g u r e 2 . I t i s c a p a b l e o f m e a s u r i n g t h e a b s o l u t e 
v i s c o s i t y b e t w e e n 1 0 0 and 1 0 0 b i l l i o n p o i s e s o 
S p e c t r o p h o t o m e t e r 
T h i s i n s t r u m e n t w a s a Beckman I R - 8 s p e c t r o p h o t o m e t e r w h i c h t r a n s ­
m i t s i n f r a r e d l i g h t o v e r a r a n g e o f 2 „ 5 t o 16 m i c r o n s w a v e l e n g t h . I t i s 
shown i n F i g u r e 4 0 
F i l m Former 
The f i l m f o r m e r u s e d i s shown i n F i g u r e 3° 
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Sodium C h l o r i d e P l a t e s 
T h e s e p l a t e s o f c l e a r sodium c h l o r i d e , two c e n t i m e t e r s by four 
c e n t i m e t e r s , were used i n t h e s p e c t r o p h o t o m e t e r . T h e y a r e shown b e s i d e 
t h e f i l m former i n F i g u r e 3 . 
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CHAPTER V 
DISCUSSION OF RESULTS 
V i s c o s i t y Study 
The r e s u l t s of the 14 a s p h a l t v i s c o s i t y de te rmina t ions are shown 
in Table 2. The one-four th inch l a y e r s are r e f e r r ed to as l a y e r s A, B, 
C, D, and E in success ion beginning a t the pavement surface proceeding 
downward. Since the diamond blade used in c u t t i n g the s l i c e s was one-
e i g h t inch t h i c k , the depths of each s l i c e are not m u l t i p l e s of one- four th 
i nch . The ac tua l depths are as fo l lows: 
I t w i l l be noted t h a t samples 1 through 8 are 60 - 70 p e n e t r a t i o n 
grade and samples 9 - 1 4 are 85 - 100 p e n e t r a t i o n grade a s p h a l t cemento 
Due t o a genera l change from AC-8 t o AC-6 a spha l t by the Georgia Highway 
Department in 1963, i t was not p o s s i b l e t o ob ta in r e c e n t samples of AC-8 
a s p h a l t . For t h i s reason the v i s c o s i t y data for the AC-6 and AC-8 samples 
w i l l be analyzed s e p a r a t e l y as well as a u n i t . Average v i s c o s i t y r e s u l t s 
a r e shown for a l l 14 samples and for the AC-6 and AC-8 samples r e s p e c ­
t i v e l y . 
V i scos i t y Versus Depth 






0 - 1/4" 
3/8 - 5 /8" 
3/4 - 1" 
1-1/8 - 1-3/8" 
1-1/2 - 1-3/4" 
Figure 5 shows the average v i s c o s i t y of a l l 14 samples a t each 
Table 2. Absolute V i scos i ty Resu l t s 
Sample Ave. Ave. Ave. Overa l l 
Number 1 2 3 4 5 6 7 8 AC-6 9 10 11 12 13 14 AC-8 of 5** Ave. 
Age (mo) 4 6 9 10 10 10 11 24 47 70 109 126 135 151 
LayerA 22 .8 24.4 6.4 22 .8 17.5 22.4 19.8 21.4 20.4 20,3 31 .8 22.1 11.4 56.0 
23 .2 24.4 6.6 24.4 18.4 23.1 21,5 20.9 21.4 24.1 29.5 22.8 11.2 58.5 
20.1 27.7 22.6 23.4 
LayerB 14.7 13.6 23.0 13.3 13.2 13.9 14.2 12.0 7.7 17.5 11.9 14.1 12.6 30.0 
14.9 13.2 23.9 13.1 11.7 13.4 15.1 13.1 7.4 18.6 12.6 15.2 12.3 30.6 
14 .8 15.9 13.3 15.3 
Layer C 14 0 9 14.4 25 .3 13.3 10.6 13.7 12.7 10.7 5.7 15.1 9 .2 14.4 10.9 -
15.7 14.6 25.6 14.3 11.1 13.9 13.1 9.9 5.9 16.1 9.7 13.9 11.3 -
14.6 11.2 12.8 13.3 
Layer D 14.8 14.4 23.6 12.5 - 12.5 12.2 11.7 3.4 13.3 7 .3 - 9.6 -
15 .3 14.5 24.7 12.5 - 12.7 14.0 10,9 3.3 13.7 7.1 - 9 .8 -
14.7 8.4 11.8 12.4 
Layer E 12.5 12.8 20.6 - - 13.3 - - - 6.6 - 6.9 -
12.6 13.5 21.8 - - 13.5 - 6.1 - 7 .2 -
15.1 6 .8 10.6 12.3 
Ave. 16.1 15.9 20.2 15.8 13 .8 15.4 15.3 13 .8 9 .5 11.7 13 .2 17.1 10.3 43 .8 
All va lues megapoises 
Average of samples 1, 25 69 1 1 9 and 13. 
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LAYERO IN GENERAL, IT I S APPARENT THAT THE GREATEST CHANGE IN VISCOSITY 
OCCURS IN THE TOP HALF-INCH. THE AVERAGE VISCOSITY IN LAYER A I S 2 3 . 4 
MEGAPOISES AND THE AVERAGE IN LAYER B I S 1 5 . 3 MEGAPOISES. THIS SHOWS THE 
AVERAGE VISCOSITY OF LAYER A I S ABOUT 5 0 PERCENT GREATER THAN LAYER B , 
THE DIFFERENCES BETWEEN LAYERS B AND C, C AND D , AND D AND E, RESPECTIVELY 
ARE 1 1 PERCENT, 7 PERCENT, AND 1 PERCENT. 
TO BETTER INTERPRET THESE RESULTS A COMPUTER PROGRAM WAS USED TO 
MAKE AN ANALYSIS OF VARIANCE ON THE RELATIVE VISCOSITIES. RELATIVE 
VISCOSITY I S DEFINED AS THE RATIO OF THE VISCOSITY OF THE HARDENED SAMPLE 
DIVIDED BY THE ORIGINAL VISCOSITY. IT I S A MEASURE OF THE HARDENING OF 
THE ASPHALT. A HIGH VALUE OF RELATIVE VISCOSITY INDICATES MUCH HARDENING 
AND A LOW VALUE INDICATES LITTLE HARDENING AND, THUS, PROBABLE SUPERIOR 
PAVEMENT DURABILITY IN SERVICE.. RELATIVE VISCOSITY WAS USED RATHER THAN 
ABSOLUTE VISCOSITY TO REMOVE THE EFFECT OF INITIAL VISCOSITY SO THAT 
ONLY CHANGE IN VISCOSITY WOULD BE TESTED. TABLE 3 SHOWS THE ORIGINAL 
VISCOSITY OF EACH LAYER AND THE RELATIVE VISCOSITY OF EACH EXTRACTED 
SAMPLE0 
THE ANALYSIS INDICATED A SIGNIFICANT EFFECT AT THE 0 . 1 PERCENT 
LEVEL DUE TO AGE. IT ALSO SHOWED THAT THERE WAS A SIGNIFICANT EFFECT-, 
AT THE 0 . 1 PERCENT LEVEL DUE TO DEPTHO 
TO FURTHER INTERPRET THIS DATA, DUNCAN'S MULTIPLE RANGE TEST WAS 
USED TO INDICATE WHICH LAYERS WERE THE SOURCES OF THE DIFFERENCE WITH 
DEPTH. IT SHOWED A SIGNIFICANT DIFFERENCE BETWEEN LAYERS A AND B AT 
THE 1 . 0 PERCENT LEVEL AND BETWEEN LAYERS B AND C AT THE 5 . 0 PERCENT 
LEVEL. NO DIFFERENCE WAS FOUND AT THE 5 . 0 PERCENT LEVEL AMONG THE 
THREE LOWER LAYERS. 
TABLE 3 . RELATIVE VISCOSITY RESULTS 
SAMPLE AVE. AVE. AVE. OVERALL 
NUMBER 1 2 3 4 5 6 7 8 AC-6 9 1 0 11 1 2 1 3 1 4 AC-8 OF 5 * AVE. 
AGE(MO) 4 6 9 1 0 1 0 1 0 11 2 4 4 7 7 0 1 0 9 1 2 6 1 3 5 1 5 1 
ORIGINAL 
VISCOSITY 2 . 6 0 2 . 6 9 2 . 8 2 2 . 3 6 2 . 4 3 2 . 7 2 1 . 9 4 2 . 9 0 1 . 4 3 1 . 4 6 1 . 4 1 1 . 4 8 1 . 4 6 1 .57 
(MEGA-
POISES) 
LAYER A 8 . 8 9 . 1 2 . 3 9C7 7 . 2 9 . 0 1 0 . 2 7 . 4 1 4 . 3 1 5 . 8 2 2 . 6 1 4 . 9 7 . 7 3 5 . 7 
8 . 9 9 . 1 2 . 3 1 0 . 3 7 . 6 8 . 5 1 1 . 1 7 . 2 1 5 . 1 1 6 . 5 2 0 . 9 1 5 . 4 7 . 8 3 7 . 3 
8 . 0 1 8 , 7 1 1 . 2 1 2 . 6 
LAYER B 5 . 7 5 . 1 8 . 2 5 . 6 5 . 4 5 . 1 7 . 3 4 . 1 5 . 4 1 2 . 2 8 . 4 9 . 5 8 . 6 1 9 . 1 
5 . 7 4 . 9 8 . 4 5 . 5 4 . 8 4 . 9 7 . 8 4 . 5 5 . 2 1 2 . 5 8 . 9 1 0 . 3 8 . 4 1 9 . 5 
5 . 9 1 0 . 7 6 . 6 7 . 9 
LAYER C 5 . 7 5 . 4 9 » 0 5 . 6 4 . 4 5 . 0 6 . 6 3 . 7 4 . 1 1 0 . 6 6O5 9 . 7 7 . 5 -
6 . 0 5 . 4 9 . 0 6 . 1 4 . 5 5 . 1 6 . 8 3 . 4 4 . 2 1 0 . 9 6 . 9 9 . 4 7 . 7 -
5 . 7 7 . 7 6 . 1 6 . 5 
LAYER D 5 . 7 5 . 4 8 . 4 5 . 3 - 4 . 6 6 . 3 4 . 0 2 . 4 9 . 3 5 . 2 - 6 . 6 -
5 . 9 5 . 4 8 . 7 5 . 3 - 4 . 7 7 . 2 3 . 8 2 . 3 9 . 3 5 . 1 - 7 . 0 -
5 . 8 5 . 9 5 . 5 5 . 8 
LAYER E 4 . 8 4 . 8 7 . 3 - - 4 . 9 - - 4 . 7 - 4 . 9 -
4 . 9 5 . 0 7 . 7 - . - 5 . 0 - - - 4 . 7 - 4 . 9 -
5 . 5 4 . 8 4 . 9 5 . 3 
AVE. 6 . 2 5 . 9 7 . 1 6 . 7 5 . 7 6 . 7 7 . 9 4 . 8 6 . 6 1 2 . 1 9 . 4 1 1 . 5 7 . 1 2 7 . 9 
AVERAGE OF SAMPLES 1 , 2 , 6 , 1 1 AND 1 3 . 
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The previous paragraphs c l e a r l y i n d i c a t e t h a t the major i nc rease 
in v i s c o s i t y i s in l ayer AD The ques t ion now a r i s e s as to how the 
v i s c o s i t y v a r i e s wi th in l ayer A i t s e l f . To answer t h i s ques t ion t h r e e 
sample numbers, 8, 10, and 12, were s e l ec t ed for fu r the r s tudy. Taking 
the d u p l i c a t e cores of these samples, the top l / l 6 inch was shaved off 
wi th the sawo A one-four th inch layer ( ac tua l depth l / l 6 - 5/16 inch 
and des igna ted "A ") was then s l i c e d and the v i s c o s i t y determined. The 
r e s u l t s are shown in Table 4 . 
The average v i s c o s i t y of these t h r ee A g samples was 16.6 megapoises, 
whereas the average in l ayer A of the t h r e e o r i g i n a l cores was 22.4 and 
in layer B was 1 5 . 1 . This r e p r e s e n t s a 25.8 percent decrease in v i s c o s i t y 
from layer A upon the removal of the top one - s ix t een th inch . However, i t 
i s only ten percen t g r e a t e r than the o r i g i n a l v i s c o s i t y of layer B. A 
s t r a i g h t l i n e i n t e r p o l a t i o n between the o r i g i n a l v i s c o s i t i e s a t the 
average depth of l aye r A, 0.125 inch , and the average depth of l ayer B, 
0.50 inch , would give an expected v i s c o s i t y of 21.0 megapoises a t the 
average depth of A g , 0.1875 inch . See Figure 6. Since the recorded 
v i s c o s i t y i s only 79 percent of t h i s va lue , i t i s apparent t h a t most of the 
hardening occurs in a very t h i n l aye r ( l e s s than 0.1875 inch) immediately 
below the pavement su r f ace . 
F igures 7 and 8 show the average v i s c o s i t y as a funct ion of depth 
for the AC-8 and AC-6 samples, r e s p e c t i v e l y . I t should be noted t h a t t he 
AC-8 samples are a l l 47 months or more o ld , and the AC-6 are a l l 24 
months or l e s s o l d . 
For the AC-8 samples the curve appears very s i m i l a r t o Figure 5 . 
The inc rease in l aye r A, 27.7 megapoises, over l ayer B, 15.9 megapoises, 
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Table 4 . V i scos i ty in Top One-half Inch 
Average Sample Number 
Depth 
Layer ( inch) 8 10 12 
A 0,125 21.4 23.0 22.1 
20.9 24.1 22.8 
A 0.188 14.2 14.3 17.0 
s 13.5 15.9 16.5 
B 0.500 12.0 17.5 14.1 
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Figure 6. Average Viscos i ty Versus Depth in 
Top One-half Inch. 
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Viscos i ty a t 77° F, Megapoises 
F igure 8. Average V i scos i t y of AC-6 Samples Versus Depth, 
24 28 
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was about 75 p e r c e n t . Percent d i f f e r e n c e s of 42, 33, and 24 were found 
between l a y e r s B and C, C and D, and D and E, r e s p e c t i v e l y . In the 
a n a l y s i s of v a r i a n c e , a s i g n i f i c a n t d i f f e rence was found between ages 
and a l s o between depths a t the 0,1 percent l e v e l . Duncan's Mul t ip le 
Range Test showed t h a t each layer was s i g n i f i c a n t l y d i f f e r e n t from a l l 
o the r l e v e l s a t the 1.0 pe rcen t l e v e l . 
The curve of the AC-6 samples shows t h a t the v i s c o s i t y in the top 
q u a r t e r inch i s about 36 percent g r e a t e r than t h a t in l aye r B. But the 
d i f f e r e n c e in v i s c o s i t y of l a y e r s B through E i s l e s s than t h r e e percent 
in a l l c a s e s . In the a n a l y s i s of v a r i a n c e , the r e l a t i v e v i s c o s i t i e s a t 
d i f f e r e n t depths and d i f f e r e n t ages were found to be s i g n i f i c a n t l y d i f f e r ­
en t a t the 0.1 pe rcen t l e v e l . Duncan's Mul t ip le Range Tes t showed a s i g ­
n i f i c a n t d i f f e r ence between l a y e r s A and B a t the 1.0 percen t l eve l but 
no s i g n i f i c a n t d i f f e r ence between any o ther two consecut ive l a y e r s a t 
the 5.0 percen t l e v e l . 
Considering Figures 5 , 7, and 8 toge the r i t appears t h a t as a u n i t 
t h e r e i s a h igher v i s c o s i t y in the top qua r t e r inch than a t g r e a t e r 
dep ths below the pavement su r f ace . As depth becomes g r e a t e r the percen t 
d i f f e r e n c e between adjacent l a y e r s i s l e s s . The o lder AC-8 samples show 
e s s e n t i a l l y the same r e s u l t s but the AC-6 samples by themselves i n d i c a t e 
t h a t the g r e a t e s t change in v i s c o s i t y occurs only in the top qua r t e r inch 
and t h a t in the f i r s t two years t h e r e i s no apprec iab le change in v i s c o s i t y 
wi th depth except in layer A. The v i s c o s i t y inc rease in the lower l a y e r s 
i s approximately uniform i n d i c a t i n g t h a t i t probably occurred during mix­
i n g , t r a n s p o r t i n g , or p l a c i n g . 
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T h e e f f e c t o f a g e w i l l b e d i s c u s s e d m o r e c o m p l e t e l y l a t e r . 
F r o m T a b l e 2 i t c a n b e s e e n t h a t a l l s a m p l e s d i d n o t h a v e t h e f u l l 
d e p t h o f f i v e l a y e r s ; c o n s e q u e n t l y a n y i n d i v i d u a l v a l u e h a s m o r e r e l a t i v e 
w e i g h t o n t h e a v e r a g e t h a n a v a l u e a t a h i g h e r l a y e r o f t h e s a m e s a m p l e . 
F o r t h i s r e a s o n s a m p l e s 1 , 2 , 6 , 1 1 , a n d 1 3 , e a c h h a v i n g f i v e l a y e r s , w e r e 
a n a l y z e d s e p a r a t e l y . S a m p l e n o . 3 w a s n o t i n c l u d e d b e c a u s e o f t h e l o w 
r e s u l t f o u n d i n l a y e r A . A g r a p h o f a v e r a g e v i s c o s i t y v e r s u s d e p t h i s 
s h o w n a s F i g u r e 9 . I t s h o w s a 7 0 p e r c e n t i n c r e a s e i n v i s c o s i t y o f l a y e r 
A o v e r l a y e r B . T h e d i f f e r e n c e b e t w e e n o t h e r l a y e r s i s f r o m f o u r t o 
e l e v e n p e r c e n t . 
A n a n a l y s i s o f v a r i a n c e w a s r u n o n t h e r e s u l t s o f t h e f i v e s e l e c t e d 
s a m p l e s . A s i g n i f i c a n t d i f f e r e n c e w a s f o u n d b e t w e e n t h e r e l a t i v e v i s ­
c o s i t i e s a t t h e 0 . 1 p e r c e n t l e v e l w i t h b o t h a g e a n d d e p t h . D u n c a n ' s 
M u l t i p l e R a n g e T e s t s h o w e d a s i g n i f i c a n t d i f f e r e n c e b e t w e e n e a c h p a i r o f 
a d j a c e n t l a y e r s a t t h e 1 . 0 p e r c e n t l e v e l . 
T h e g r a p h s o f v i s c o s i t y v e r s u s d e p t h o f e a c h i n d i v i d u a l s a m p l e a r e 
s h o w n i n t h e A p p e n d i x , F i g u r e s 1 5 - 2 8 . E x c e p t f o r s a m p l e s 3 a n d 1 3 a n a p p r e ­
c i a b l e i n c r e a s e i s s e e n i n v i s c o s i t y i n l a y e r A o v e r l a y e r B . D u p l i c a t e 
r e c o v e r i e s w e r e p e r f o r m e d o n t h e s e s a m p l e s , a n d t h e r e s u l t s w e r e w i t h i n 
1 4 p e r c e n t f o r s a m p l e 3 a n d t w o p e r c e n t f o r s a m p l e 1 3 o f t h e o r i g i n a l 
t e s t s . T h e m o s t a p p a r e n t r e a s o n f o r t h e v i s c o s i t y o f l a y e r A t o b e l e s s 
t h a n l a y e r B i s t h e p o s s i b i l i t y o f a f o g s e a l o r e m u l s i o n s l u r r y s e a l 
b e i n g u s e d t o r e j u v e n a t e t h e p a v e m e n t . T h i s i s q u i t e p o s s i b l e f o r s a m p l e 
1 3 , a s i t i s o v e r 1 2 y e a r s o l d . H o w e v e r , t h e r e i s n o r e c o r d o f t h i s h a v i n g 
b e e n d o n e i n e i t h e r c a s e . 
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V i s c o s i t y Versus Age 
Figure 10 shows a composite graph of the r e l a t i v e v i s c o s i t y as a 
funct ion of age for each l a y e r . In g e n e r a l , i t shows t h a t r e l a t i v e v i s ­
c o s i t y i n c r e a s e s with age, except for l ayer E. The r a t e of change i s 
more rapid in t he top l ayer and dec reases with i nc rea s ing dep ths . Layer 
D i s of i n t e r e s t in t h a t t he r e i s no apprec iab le change in v i s c o s i t y with 
time except for an i n i t i a l i n c r e a s e . The i n i t i a l i nc rease probably 
occurred before or during p lac ing and the l a t e r ox ida t ion did not p e n e t r a t e 
t o t h i s depth in the pavement. I t would seem l i k e l y t h a t with time the 
upper l a y e r s would d i s i n t e g r a t e enough to a f f e c t l aye r D, and i t , t o o , 
would i n c r e a s e in v i s c o s i t y . But the f igure i n d i c a t e s t h a t t h i s would 
be sometime beyond the expected l i f e of 20 y e a r s . By t h a t time l a y e r s 
A and B would be well d i s i n t e g r a t e d . Thus, a t l ayer D r e l a t i v e v i s c o s i t y 
appears t o be independent of age. (See Figures 29-33.) 
R e l a t i v e V i scos i t y Versus Or ig ina l Viscos i ty 
The ques t ion l o g i c a l l y a r i s e s as to what Figure 10 means with 
r e s p e c t t o o r i g i n a l v i s c o s i t y . I t w i l l be remembered t h a t a l l samples 
47 months or o lde r are AC-8; those l e s s than 47 months are AC-6. There 
i s a d i f f e rence between the o r i g i n a l average v i s c o s i t i e s of the two 
s e r i e s . In t h i s ca se , the d i f f e r ence i s 1.08 megapoises. This suggests 
t he p o s s i b i l i t y t h a t the change in r e l a t i v e v i s c o s i t y with age could be a 
funct ion of o r i g i n a l v i s c o s i t y i n s t e a d . 
To eva lua te t h i s p o s s i b i l i t y a composite graph of r e l a t i v e v i s c o s i t y 
versus o r i g i n a l v i s c o s i t y for each l ayer i s shown in Figure 11 . I t shows 
t h a t for l a y e r s A and B, and to some ex ten t C, a high i n i t i a l v i s c o s i t y 
w i l l r e s u l t in l e s s change than a low i n i t i a l v i s c o s i t y . Again, l aye r D 
2 5 . 0 
2 0 . O H 
1 5 . O H ­
I O . O F -
5 . 0 H 
1 , 0 1 I I 1 I M I L L I I J I M I L L i l I I I t I I I 
1 . 0 5 . 0 1 0 . 0 5 0 . 0 1 0 0 . 0 5 0 0 . 0 1 0 0 0 
AGE ? MONTHS 
FIGURE 1 0 . R E L A T I O N S H I P BETWEEN RELATIVE V I S C O S I T Y AND A G E . 
100.0 
50 .0 
1.0 1.4 1.8 2 .2 2.6 3 .0 3 .4 3 .8 
Original V i s c o s i t y , Megapoises 
Figure 11. Relationship Between Relat ive Viscos i ty and Original V i scos i ty . 
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i s of spec ia l i n t e r e s t , showing t h a t r e l a t i v e v i scos i ty , , e s s e n t i a l l y , i s 
independent of o r i g i n a l v i s c o s i t y a t t h i s dep th . Regardless of the grade 
and o r i g i n a l v i s c o s i t y , the r e l a t i v e change a t t h i s depth w i l l be the 
same, (See F igures 34 - 38.) 
Returning t o Figure 10, one would conclude from the previous p a r a ­
graph t h a t for l aye r D a t l e a s t , the r e l a t i o n s h i p i s t r u e and independent 
of o r i g i n a l v i s c o s i t y . From the s t a t i s t i c a l a n a l y s i s of r e l a t i v e v i s c o s i t y 
ve r sus age, t h e r e was no s i g n i f i c a n t d i f f e rence a t the 5,0 percent l eve l 
between l a y e r s C, D, and E. Thus the r e l a t i v e v i s c o s i t y ve rsus o r i g i n a l 
v i s c o s i t y r e l a t i o n s h i p s for l a y e r s C and E in Figure 11 may a l so be con­
s idered t r u e . 
For l a y e r s A and B no conclus ive s tatement may be made as a r e s u l t 
of F igures 10 and 11 . Re l a t i ve v i s c o s i t y i s inf luenced by both age and 
o r i g i n a l v i s c o s i t y , but the r e l a t i v e importance of each may not be d e t e r ­
mined. I t can be s t a t e d , however, t h a t v i s c o s i t y does i nc r ea se with age. 
But how t h i s i n c r e a s e i s inf luenced by o r i g i n a l v i s c o s i t y was not d e t e r ­
mined. 
Spectrophotometer Study 
The r e s u l t s of the spectrophotometer study are shown in Table 5 . 
Sample A r e p r e s e n t s the top qua r t e r inchj sample B r e p r e s e n t s the next 
under ly ing l ayer from 0.375 to 0.625 inch below the su r f ace . The t r a n s ­
mi t t ance a t 2 , 9 1 , 5 .88 , and 9,71 microns are shown r e p r e s e n t i n g the wave­
l eng ths a t which the changes in a s p h a l t s t r u c t u r e a re most e v i d e n t . The 
hydroxyl band i s 2.91 microns, the carbonyl i s 5.88 and the carbon-oxygen 
i s 9 . 7 1 . A d i f f e r e n c e in the t r a n s m i t t a n c e of one of t he se wavelengths 
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Table 5 . Spectrophotometer Resu l t s 
Sample Thickness 
No. Age (mo) (microns) 2.91 Micron 5.88 Micron 9.71 Micron 
1 A 4 72 67 55 49 
1 B 4 73 69 60 51 
6 A 10 77 38 32 13 
6 B 10 79 33 34 10 
8 A 24 76 64 50 30 
8 B 24 78 68 60 32 
9 A 47 76 55 35 24 
9 B 47 78 55 52 32 
10 A 70 78 61 32 27 
10 B 70 76 62 42 30 
12 A 126 79 49 27 19 
12 B 126 79 44 31 17 
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i n d i c a t e s a c h a n g e i n t h e m o l e c u l a r s t r u c t u r e o f t h e a t o m s o b s e r v e d a t 
t h a t w a v e l e n g t h . B u t t h i s d o e s n o t n e c e s s a r i l y i n d i c a t e t h e c a u s e o f 
t h e c h a n g e 0 I t i s g e n e r a l l y b e l i e v e d t h a t o x i d a t i o n i s t h e c a u s e ; b u t 
i t i s n o t k n o w n w h e t h e r t h i s o c c u r s d u r i n g m i x i n g , p l a c e m e n t , o r s e r v i c e 
l i f e . T h e l a r g e s t d i f f e r e n c e s a p p e a r a t 5 . 8 8 m i c r o n s w a v e l e n g t h . 
F i g u r e s 1 2 , 1 3 , a n d 1 4 g i v e t h e r e s u l t s i n b e t t e r f o r m . S i n c e t h e 
d a t a i n d i c a t e a l i n e a r r e l a t i o n s h i p , a r e g r e s s i o n l i n e h a s b e e n c o m p u t e d 
f o r e a c h s e t o f d a t a . 
F i g u r e 1 2 s h o w s t h e t r a n s m i t t a n c e a t 2 . 9 1 m i c r o n s . T h e r e g r e s s i o n 
l i n e s f o r l a y e r s A a n d B a r e a l m o s t p a r a l l e l , w i t h o n l y a s l i g h t d i f f e r ­
e n c e i n t h e r a t e o f d e c r e a s e i n t r a n s m i t t a n c e w i t h i n c r e a s i n g a g e . 
A n a n a l y s i s o f v a r i a n c e w a s r u n o n t h e d a t a , i n d i c a t i n g a s i g n i f i c a n t 
d i f f e r e n c e i n t r a n s m i t t a n c e w i t h a g e a t t h e 0 . 1 p e r c e n t l e v e l . T h e r e i s 
a s i g n i f i c a n t d i f f e r e n c e i n t r a n s m i t t a n c e w i t h d e p t h a t t h e 5 . 0 p e r c e n t 
l e v e l . 
C o m p l e t e a n a l y s i s o f t h i s v a r i a t i o n i s b e y o n d t h e s c o p e o f t h i s 
r e s e a r c h . H o w e v e r 9 t h e d a t a d o i n d i c a t e t h a t t h e 2 0 9 1 m i c r o n w a v e l e n g t h 
m a y b e u s e d t o d e t e r m i n e a g i n g b u t n o t t o a c c u r a t e l y d e t e r m i n e d i f f e r e n c e 
i n a g i n g w i t h d e p t h . 
I n F i g u r e 1 3 , r e g r e s s i o n l i n e s a r e s h o w n f o r t r a n s m i t t a n c e t h r o u g h 
t h e A a n d B l a y e r s a t t h e 5 . 8 8 m i c r o n w a v e l e n g t h . B o t h i n d i c a t e h a r d e n i n g 
w i t h t i m e a s i n d i c a t e d b y t h e d e c r e a s e i n t r a n s m i t t a n c e w i t h i n c r e a s i n g 
a g e . T h e a n a l y s i s o f v a r i a n c e s h o w e d a s i g n i f i c a n t d i f f e r e n c e i n t r a n s ­
m i t t a n c e w i t h t i m e a t t h e 0 . 1 p e r c e n t l e v e l a n d w i t h d e p t h a t t h e 1 . 0 
p e r c e n t l e v e l . T h u s , t h e e f f e c t o f d e p t h i s m o r e a p p a r e n t a t t h e 5 . 8 8 
t h a n a t t h e 2 . 9 1 m i c r o n w a v e l e n g t h . 
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T h e g r e a t e r s l o p e o f t h e B r e g r e s s i o n l i n e i n d i c a t e s t h a t t h e B 
l a y e r i s h a r d e n i n g a t a f a s t e r r a t e t h a n t h e A l a y e r . B u t t h e t r a n s m i t ­
t a n c e t h r o u g h t h e A l a y e r i s l e s s t h a n t h a t t h r o u g h t h e B l a y e r u p t o 
a b o u t 1 2 0 m o n t h s , i n d i c a t i n g t h a t h a r d e n i n g h a s a l r e a d y o c c u r r e d i n t h e 
s u r f a c e l a y e r . S i n c e t h e d i f f e r e n c e a t y o u n g a g e s i s l a r g e a n d t h e r a t e 
o f c h a n g e i n t r a n s m i t t a n c e i n A i s s m a l l , t h e m a j o r c h a n g e p r o b a b l y 
o c c u r r e d b e f o r e o r d u r i n g p l a c e m e n t . T h i s i s e a s i l y e x p l a i n e d a s t h e r e 
a r e m o r e e x p o s e d s u r f a c e s b e f o r e a n d d u r i n g p l a c e m e n t . 
T h e s e d a t a i n d i c a t e t h a t t h e 5 . 8 8 m i c r o n w a v e l e n g t h i s a g o o d 
i n d i c a t o r o f c h a n g e s i n a s p h a l t w i t h a g e u 
F i g u r e 1 4 s h o w s t h e t r a n s m i t t a n c e o f t h e 9 . 7 1 m i c r o n w a v e l e n g t h 
a s a f u n c t i o n o f p a v e m e n t a g e . T h e r e i s a s i g n i f i c a n t d i f f e r e n c e i n 
t r a n s m i t t a n c e w i t h a g e a t t h e 0 . 1 p e r c e n t l e v e l b u t n o s i g n i f i c a n t d i f ­
f e r e n c e w i t h d e p t h a t t h e 5 . 0 p e r c e n t l e v e l . T h e r e f o r e , t h e r e h a s b e e n 
l i t t l e c h a n g e i n t h e c a r b o n - o x y g e n b o n d d u e t o d e p t h . I t i s a p p a r e n t 
t h a t t h i s w a v e l e n g t h w i l l g i v e o n l y l i m i t e d i n d i c a t i o n o f o x i d a t i o n w i t h 
d e p t h . 
T h e s e r e s u l t s ^ F i g u r e s 1 2 , 1 3 , a n d 1 4 , s h o w a s i g n i f i c a n t d i f ­
f e r e n c e a t t h e 0 . 1 p e r c e n t l e v e l i n t r a n s m i t t a n c e w i t h a g e f o r e a c h w a v e ­
l e n g t h . W h i l e t h e r e i s a s i g n i f i c a n t d i f f e r e n c e i n t r a n s m i t t a n c e w i t h 
d e p t h a t t h e 5 . 0 p e r c e n t l e v e l f o r 2 . 9 1 m i c r o n w a v e l e n g t h , t h e d i f f e r e n c e 
a t 5 . 8 8 i s m o r e s i g n i f i c a n t . T h i s i s i n a g r e e m e n t w i t h p r e v i o u s r e s e a r c h 
s h o w i n g c h a n g e s i n t h e c a r b o n y l b a n d a r e t h e b e s t i n d i c a t o r s o f o x i d a t i o n . 
T h u s , a n y o f t h e t h r e e w a v e l e n g t h s m a y b e u s e d t o s h o w h a r d e n i n g 
w i t h t i m e b u t t h e 5 . 8 8 m i c r o n w a v e l e n g t h i s b e s t t o s h o w h a r d e n i n g w i t h 
d e p t h . 
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CHAPTER VI 
CONCLUSIONS AND RECOMMENDATIONS 
Conclusions 
The r e s u l t s of t h i s s tudy i n d i c a t e the following conclus ions for 
the a spha l t pavements s tudied? 
1. There i s about 50 percen t i nc rease in the v i s c o s i t y of a spha l t 
e x t r a c t e d from the top qua r t e r inch of a pavement over a spha l t ex t r ac t ed 
from depths t o one-half inch . 
2. Within the top qua r t e r inch layer t he re i s a g r e a t e r v i s c o s i t y 
immediately under the surface than lower in the l a y e r . 
3 . V i s c o s i t y in the upper one-hal f inch i n c r e a s e s with age while 
l i t t l e change with age occurs a t g r e a t e r d e p t h s 0 
4 . At a depth of about one and one-half inches below the pavement 
s u r f a c e , t h e r e i s l i t t l e change in v i s c o s i t y with age except for an i n i ­
t i a l i nc rease during or before p l a c i n g . 
5 . At a depth of about one and one-hal f inches below the pavement 
s u r f a c e , the r e l a t i v e v i s c o s i t y i s independent of o r i g i n a l v i s c o s i t y . 
6. A spectrophotometer may be used to i n d i c a t e hardening. The 
5 .88 micron wavelength g ives the bes t measure of change with depth but the 
2.91 and 9.71 micron wavelengths may be used to study i n c r e a s e s in hard­
ening with age. 
Recommendations 
On the b a s i s of t h i s r e sea r ch the following recommendations are 
made % 
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1. A study should be made of change in v i s c o s i t y at various 
depths below the pavement surface with age using only one grade of asphalt 
cement. 
2. A study should be made of change in v i s c o s i t y at various 
d is tances from the center l ine of a roadway with age. 
3 . The spectrophotometer should be more ex tens ive ly and e f f e c ­
t i v e l y u t i l i z e d as an asphalt research instrument. 
APPENDIX 
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V i s c o s i t y a t 77° F 3 Megapoises 
Figure 15. Viscos i ty of Sample 1 as a Function of Depth, 
F igure 16. Viscos i ty of Sample 2 as a Function of Depth. 
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Figure 17. V i scos i ty of Sample 3 as a Function of Depth. 
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F igure 18. V i scos i ty of Sample 4 as a Function of Depth. 
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FIGURE 1 9 . VISCOSITY OF SAMPLE 5 AS A FUNCTION OF DEPTH, 
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Figure 23. V i scos i ty of Sample 9 as a Function of Depth. 
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Figure 24. Viscos i ty of Sample 10 as a Function of Depth. 
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Figure 25. V i scos i ty of Sample 11 as a Function of Depth. 
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Figure 26. V i scos i ty of Sample 12 as a Function of Depth, 
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Figure 27, V i scos i ty of Sample 13 as a Function of Depth 
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Figure 29. Re la t ive Vi scos i ty in Layer A Versus Age. 
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Figure 34. Or ig ina l V i scos i t y versus Re l a t i ve V i scos i t y for Layer A. 
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Figure 37 c Or ig ina l Viscos i ty ve rsus Re la t ive V i scos i t y for Layer D. 
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